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Abstract 
 The goal of this project is to reduce the occurrence of non-contact ACL injuries.  Through 
our literature review, we discovered the causes and impacts of this far-reaching problem as well 
as the solutions currently in place.  To solve this problem, we utilized axiomatic design 
principles to generate the best solution.  Through this approach, we developed a shoe that can 
absorb injurious loads before they reach the knee and damage the ACL, thereby reducing the 
occurrence of ACL injuries. 
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1. Introduction 
 The introduction section will describe the problem we’re trying to solve, why our problem 
is important, the best solutions currently available, and our approach to solving the problem. 
 
1.1. Objective 
 The objective of this project is to reduce the occurrence of non-contact anterior cruciate 
ligament (ACL) injuries and tears, particularly with respect to athletes.  This will be 
accomplished by designing a wearable device to protect the ACL from injurious loads 
experienced during athletic activity.  This project is a continuation of work from a previous 
MQP project advised by Chris Brown, titled “ACL Protective Footwear Design.” In our 
project, we will design a footwear device capable of protecting the ACL from injurious 
loads. 
 
1.2. Rationale 
 ACL injuries occur quite frequently, with over 200,000 annual ACL injuries just in the 
US (MacLeod et al., 2014).  This wide reaching problem is rather costly, with estimates of 
over $7 billion spent annually on ACL related surgery and rehabilitation costs (Mather et 
al., 2013).  Aside from keeping people healthy, the prevention of such an expensive injury 
could save the US millions of dollars every year.  Of the ACL injuries that occur, we aim 
to prevent non-contact injuries, which account for roughly 70% of all ACL injuries 
(Kiapour and Murphy, 2014). 
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1.3. State of the art 
 There is an abundance of research aimed at understanding ACL injuries and how to 
prevent them from occurring.  Non-contact ACL injuries occur due to injurious loads 
experienced in the knee resulting from the ground reaction forces caused by contact with 
the ground.  The nature of the injury depends on many factors, however, it is commonly 
accepted that orientation of the body, leg and foot at the time of contact has the greatest 
influence in driving the ACL failure mechanism. 
 The two most common strategies of preventing such injuries are injury prevention 
programs and injury prevention devices.  Injury prevention programs entail training 
exercises to ensure athletes have adequate strength and proper movement (Monajati et al., 
2016).  Adequate strength is needed to absorb loads and stabilize the body, whereas proper 
movement ensures athletes are avoiding positions that put themselves at risk of injury 
(Monajati et al., 2016). 
 Injury prevention devices are wearable devices designed to protect the ACL from 
injurious loads.  Three current solutions we have identified are knee braces, shoes, and 
wearable neuromuscular devices.  Knee braces aim to prevent undesired displacement 
and/or rotation of the femur relative to the tibia.  Unfortunately, knee braces tend to be 
bulky and limit full mobility (Figure 1).   
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Figure 1. Knee Brace 
Image source: (https://www.braceshop.com/product/breg-fusion-xt-knee-brace) 
 
 Shoes are another option to prevent ACL injuries.  An extensive review can be seen in 
the MQP “ACL Protective Footwear Design.” The two main mechanisms they discovered 
were fail systems which release the sole of the shoe under high longitudinal forces and a 
beam-shearing system which absorbed longitudinal forces without destroying the shoe 
(Doyle et al., 2012).  The third solution is a wearable neuromuscular device (WND) 
produced by researchers at the University of Denver to reduce risk of ACL injury (Figure 
2).  The WND applies bi-lateral pressure to the quadriceps and hamstring muscles (Decker 
et al., 2016).  According to their research, the WND lowered the ground reaction forces 
experienced by the athletes, improved postural control and did not limit performance 
(Decker et al., 2016).  Of the 79 athletes who used the WND, none had experienced an 
ACL injury during the study (Decker et al., 2016). 
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Figure 2. Wearable Neuromuscular Device 
Image source: (https://compressioninmotion.com/collections/basketball/products/acl-tube) 
 
1.4. Approach 
After carefully reviewing the literature and state of the art, we determined that the most 
practical way for us to reduce the occurrence of non-contact ACL injuries is to design a 
shoe capable of absorbing ground reaction forces experienced by athletes when making 
contact with the ground.  Specifically, we aim to absorb the vertical and horizontal ground 
reactive forces that cause compressive and shear strains within the knee joint.  We will 
employ axiomatic design principles to develop the simplest, most feasible design. 
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2. Methods 
 To solve our problem, we will utilize axiomatic design and basic sketching technique.  The 
axiomatic design decomposition section heavily references the work and knowledge of Chris 
Brown, including his writing (Brown 2006), educational power point slides he’s created and 
conversations we’ve had in person. 
 
2.1. Axiomatic Design Decomposition 
 Axiomatic Design is a scientific discipline aimed at producing better designs at a faster 
rate and with more ease.  This is accomplished by utilizing Suh’s two axioms: 1) maximize 
the independence of functional elements; and 2) minimize the information content of the 
design.  Axiom one eliminates the number of design iterations by decoupling functional 
elements, allowing for the independent adjustment of individual design elements without 
affecting any others.  If multiple designs satisfy axiom one, axiom two is applied to select 
the design with the highest chances of success, which would be the design that has the least 
amount of instructions to follow.  If only one design complies with axiom one, axiom two 
is not applied as the best solution is the only solution and no design choice must be made. 
 The axioms are applied to the design by use of the structure.  The structure of the design 
maps out all of the design elements into domains and hierarchies.  Domains organize the 
design elements horizontally by category, while hierarchies decompose the design 
vertically by level of detail.  The four main domains are Customer Needs (CNs), Functional 
Requirements (FRs), Design Parameters (DPs) and Process Variables (PVs).  Other 
domains include Non-Functional Requirements (nFRs), Constraints (Cs), Selection 
Criteria (SC) and Optimization Criteria (OC).  The decomposition starts with the CNs - the 
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customer has a need that our design intends to satisfy.  However, CNs are often in non-
technical language and need to be translated for engineering design.  The FRs take the basic 
needs of the customer and translate them into specific functions described in technical 
terms.  These functions are represented physically by DPs, which describe the physical 
component that fulfills a certain function.  Each FR corresponds with only one particular 
DP, starting with FR0 and DP0.  The FRs and DPs are then vertically decomposed by level 
of detail through the use of a parent-child hierarchy.  FR0 and DP0 are the parents, 
describing the function and physical solution at a basic, high level perspective.  The parents 
are then broken down into children until the design is fully described.  The sum of the 
children must add up to the whole of the parents without having unnecessary design 
elements.  Ensuring the children are collectively exhaustive and mutually exclusive enables 
us to produce the best and simplest design. 
  
2.2. Create Final Design 
 Once the best design was selected from our axiomatic design decomposition and design 
selection process, we created a sketch of our design on paper. 
 
3. Axiomatic Design Decomposition 
 Our design aims to prevent ACL injuries - specifically, non-contact ACL injuries suffered 
by athletes.  From this clear customer need, we generated our parent FRs and DPs.  In order to 
continue our decomposition, we evaluated different possible designs that could satisfy the load 
mitigation FRs.  This design selection process was accomplished utilizing Cs, SC and OCs.  
The design selection process is described in detail in the following sections. 
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3.1. Design Domains 
 Before we could pick the best design, we had to determine which designs were possible.  
This was achieved by exploring: what our design was actually trying to accomplish; the 
constraints our design had to comply with; and how we would compare designs if more 
than one design was determined to be possible.  As is true for all axiomatic design 
decompositions, we started with the CN.  In our case, there is one CN: Prevent ACL 
injuries.  The goal of our design is to prevent injurious loads from reaching the knee.  This 
CN was translated into FR0 - Protect ACL from injurious load.  FR0 will be accomplished 
through a device that mitigates ground reaction forces experienced during athletic activity.  
To accomplish FR0, we developed DP0 - Load mitigation footwear. 
 Once FR0 and DP0 were defined, we began decomposing vertically into children.  
From our background research, it was determined that vertical and horizontal ground 
reaction forces experienced from landing caused compressive and shear loads in the knee, 
leading to ACL injuries.  Since both vertical and horizontal GRFs are causes of injury, our 
design aims to mitigate them both.  Thus, FR1 and FR2 were developed alongside their 
corresponding DPs - DP1 and DP2 (Figure 3).  To comply with axiom one, FR1 and FR2 
have been chosen to maintain functional independence.  Any adjustment to the vertical 
system should not have any effect on the horizontal system and vice versa. 
 
 
Figure 3. Base Axiomatic Design Decomposition 
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 Once FR1 and FR2 were defined, we developed our constraints to guide our design 
evaluation process instead of completely decomposing the functional requirements.  We 
decided to use this approach because we didn’t understand the problem or the desired 
functions enough to fully decompose the FRs.  The constraints we chose to focus on were 
size and durability.  The load mitigation system can’t be too large or the design would be 
impractical, and it had to be strong enough to withstand the expected loads experienced by 
the user.  The constraints for the vertical and horizontal load mitigation system are 
explained below: 
 
Table 1. Design Constraints - Vertical Load Mitigation System 
Constraints Justification 
Heel Height must 
be less than 4 cm 
Research showed that ankle instability and risk of injury is likely to increase 
at heel heights of 5 cm and up (Foster 2012; Hong 2013).  We chose 4 cm 
to provide a buffer of 1 cm. 
System Width 
must be less than 
12 cm 
Research showed that the shoe width of a size 12 extra wide (EE) female 
shoe was approximately 12 cm (SizeCharter).  Anecdotal evidence suggests 
the average female shoe size in the US is about an 8, which would have a 
width of 11 cm at an EE size.  We chose 12 cm to allow more possible 
design solutions. 
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Withstand 
Vertical Critical 
Load (FVC) of 
3356 N 
 
This number was calculated based off research and assumptions.  Research 
showed that the vertical ground reaction forces (GRFs) experienced in 
single-leg landing from moderate heights (40-60 cm) measured upwards of 
5 times the participant’s total body weight (Ali et al., 2014).  Repeated 
exposure to GRFs this great in magnitude significantly increases risk of 
injury, so we chose to provide additional shock absorption once loads of 
this magnitude are reached.  The actual magnitude (3356 N) was determined 
based off body mass values recorded in a study of college female athletes.  
We averaged the masses of the athletes, multiplied by gravitational 
acceleration to get an average body weight and multiplied by 5 to reach the 
loads experienced in the research described above. 
Withstand 
Vertical Injurious 
Load (FVI) of 
6731 N 
This number is double the magnitude of the critical load.  Vertical GRFs of 
10 times body weight experienced in a single-leg landing are highly likely 
to result in injury and, although uncommon, could be experienced in athletic 
activity.  For example, a person dropping from a vertical height of 1 m with 
no horizontal movement with respect to the ground will experience a 
vertical GRF of ten times their body weight.  With athletes today vertically 
jumping over 1 m off the ground, one can see how plausible it is to 
experience loads of this magnitude.  Ensuring a functional absorption 
system past the point of common loads to incorporate more “extreme” loads 
increases our chances of success for injury prevention. 
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Table 2. Design Constraints - Horizontal Load Mitigation System 
Constraints Justification 
System Width 
must be less than 
4 cm 
Research showed that the shoe width of a size 12 extra wide (EE) female 
shoe was approximately 12 cm (SizeCharter).  Anecdotal evidence suggests 
the average female shoe size in the US is about an 8, which would have a 
width of 11 cm at an EE size.  After taking into account the width of the 
heel and the width of the medial wall of the shoe, we were left with 4 cm to 
work with. 
Withstand 
Horizontal 
Critical Load (F-
HC) of 537 N  
This number was calculated based off research and assumptions.  Research 
showed that the horizontal ground reaction forces (GRFs) experienced in 
single-leg landing from moderate heights (40 - 60 cm) measured upwards of 
eighty percent participant’s total body weight (Ali et al., 2014).  Repeated 
exposure to horizontal GRFs this great in magnitude significantly increases 
risk of injury, so we chose to provide additional shock absorption once 
loads of this magnitude are reached.  The actual magnitude (537 N) was 
determined based off body mass values recorded in a study of college 
female athletes.  We averaged the masses of the athletes, multiplied by 
gravitational acceleration to get an average body weight and multiplied by 
0.8 to reach the loads experienced in the research described above. 
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Withstand 
Horizontal 
Injurious Load 
(FHI) of 1074 N 
This number is double the magnitude of the critical load.  Horizontal GRFs 
of 1.6 times body weight experienced in a single-leg landing are highly 
likely to result in injury and, although uncommon, could be experienced in 
athletic activity.  Ensuring a functional absorption system past the point of 
common loads to incorporate more “extreme” loads increases our chances 
of success for injury prevention. 
 
 Once our design constraints were defined, we developed SCs and OCs to evaluate and 
compare possible designs.  In our case, SCs took the form of a list of design elements we 
chose to evaluate, and OCs were our means of choosing the best design.  This classification 
was based off the work on axiomatic design by Thompson (2013). The SCs and OCs are 
listed below: 
 
Table 3. Selection Criteria - Vertical Load Mitigation System 
SC Justification 
Deflection at Critical 
Load 
Controlling system deflection at the critical load is imperative 
for replicating the desired force-displacement curve (Figure 4).  
Too little or too great of a deflection could increase risk of injury 
and/or negatively impact athletic performance.  
Heel Height 
As described in the constraints, heel height must be minimized 
to reduce risk of injury. 
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System Width 
As described in the constraints, system width must be minimized 
to fit inside the shoe. 
System Mass 
If the system is too heavy, use of the shoe would not be practical 
for athletic purposes. 
# cycles @ X MPa 
Shoes are designed to endure thousands of steps, which in this 
case would be thousands of load cycles (Caselli 2006).  The 
more load cycles the system can endure, the better. 
 
Table 4. Selection Criteria - Horizontal Load Mitigation System 
SC Justification 
Deflection at Critical 
Load 
Controlling system deflection at the critical load is imperative 
for replicating the desired force-displacement curve (Figure 4).  
Too little or too great of a deflection could increase risk of injury 
and/or negatively impact athletic performance. 
System Width 
As described in the constraints, system width must be minimized 
to fit inside the shoe. 
System Mass 
If the system is too heavy, use of the shoe would not be practical 
for athletic purposes. 
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Table 5. Optimization Criteria - Vertical Load Mitigation System 
OC Justification 
Optimize force-
displacement curve 
Highest priority OC.  Our goal for the system is to replicate the 
force-curve displacement curve (Figure 4) to reduce injury risk 
and minimize impact to athletic performance.  The system which 
best replicates the desired curve is the best design. 
Minimize mass 
Secondary OC.  If the force-displacement curve is the same for 
multiple designs, the system with the smallest mass would be the 
best design. 
Maximize life cycle 
Tertiary OC.  If the system mass is relatively the same for 
multiple designs, the system with the highest life cycle would be 
the best design. 
 
Table 6. Optimization Criteria - Horizontal Load Mitigation System 
OC Justification 
Optimize force-
displacement curve 
Highest priority OC.  Our goal for the system is to replicate the 
force-curve displacement curve (Figure 4) to reduce injury risk 
and minimize impact to athletic performance.  The system which 
best replicates the desired curve is the best design. 
Minimize mass 
Secondary OC.  If the force-displacement curve is the same for 
multiple designs, the system with the smallest mass would be the 
best design. 
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3.2. Design Selection Process 
 From our research, we determined that many of the possible design options we came 
across would take considerable time, energy, and expertise to model and evaluate, more so 
than we have for the scope of this project.  As such, we have chosen to evaluate three of 
the design options: Springs, Magnets, and Air.  The design option “Combo,” which implies 
a combination of two or more design options, is assumed to work if at least one design 
option meets all of our initial design constraints.  A list of the possible designs we explored 
can be found in section 5.2. 
 To evaluate possible designs, we began by making some assumptions and calculations 
about the target user and the loads experienced by the load mitigation systems.  The initial 
assumptions and calculations are listed below: 
 
 Target User Characteristics - 
 User Body Mass (UBM) = 68.5 kg (Stanforth et al., 2014) 
 User Body Weight (UBW) = UBM * g = 68.5 kg * 9.8 m/s2 = 671.3 N 
 
 Vertical System - 
 Vertical Critical Force (FVC) = 5 * UBW = 5 * 671.3 N = 3356 N 
 Vertical Injurious Force (FVI) = 10 * UBW = 10 * 671.3 N = 6731 N 
 Heel Contact Area (AH) = π * (d2/4) = π * ((0.06m)2/4) = 0.0028 m2 (assumed 
heel contact area was a circle to simplify our design evaluation) 
 Cyclic Stress (σ) = 3 * UBW / AH = 3 * 671.3 N / 0.0028 m2 = 712 kPa (Caselli 
2006); (We rounded up to 1 MPa for our SCs to simplify our design evaluation) 
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 Cycles (N) = 500 steps/km * 800 km * 1 cycle/2 steps = 2 * 105 cycles (Caselli 
2006) 
 
 Horizontal System - 
 Horizontal Critical Force (FHC) = 0.8 * UBW = 0.8 * 671.3 N = 537 N 
 Horizontal Injurious Force (FHI) = 1.6 * UBW = 1.6 * 671.3 N = 1074 N 
 
 Desired Forced-Displacement Curve - 
 This force-displacement curve was generated by the previous MQP “ACL 
Protective Footwear Design” 
 The injury threshold is equivalent to our critical load 
 The high injury risk is equivalent to our injurious load 
 
Figure 4. Desired Force-Displacement Curve of Design Solution 
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 Once the initial assumptions and calculations were complete, we evaluated the possible 
designs.  The design constraint, SC and OC evaluations for the vertical and horizontal load 
mitigation systems are explained below: 
 
Vertical System Analysis - Springs 
 The vertical spring design provides shock absorption through the use of springs.  
Springs are commonly used in shock absorption applications such as specialized shoes, car 
suspensions, machine dampeners and more.  The shoe application utilizes compression 
springs (Figure 5) to reduce the GRFs experienced by the user when landing and provide 
return energy when pushing off their foot to take another step.  Below (Figure 6) is an 
example of a shock absorption shoe developed by Alexander Elnekaveh, US Patent 
#8555526 B2. 
 
 
Figure 5. Compression Spring 
Image source: (https://www.asraymond.com/high-performance-compression-springs/C01670036025) 
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Figure 6. Shock Absorption Shoe - US Patent # 8555526 B2 
Image source: (https://www.google.com/patents/US8555526) 
 
 Using the user body weight (UBW) and system size constraints (heel height & system 
width), we calculated the minimum required spring constant, critical load and injurious 
load the spring system needed to satisfy.  Once the minimum values were determined, we 
explored a few spring supplier websites to see if they had any springs that could satisfy our 
constraints.  We used a spring from Associated Spring Raymond for our calculations.  From 
our research and force calculations, we determined that the spring solution meets the 
minimum constraints to be considered a possible design.  Calculations can be found in 
Appendix A. 
 
Table 7. Design Constraint Evaluation of Vertical Spring Solution 
Criteria Boundary Values Actual Values 
Free length (system height) ≤ 40 mm 25 mm 
OD (system width) ≤ 120 mm 
16.7 mm 
(50.1 - 66.8 mm) 
KV (spring constant) ≥ 671.3 N/mm 
155.7 N/mm 
(934.2 N/mm) 
FVC ≥ 3356.5 N 
623 N 
(3740 N) 
XVC ≤ 5 mm 4 mm 
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FVI ≥ 6713 N 
1170 N 
(7020 N) 
XVI ≤ 10 mm 7.5 mm 
 
Vertical System Analysis - Air 
 The vertical air design provides shock absorption through the use of an air chamber 
system with an intake and a pressure relief valve (Figure 7).  This concept was explored in 
the previous MQP, “ACL Protection Footwear Design.”  A pressurized chamber of air 
would sit below the heel and would compress once the user applies their weight.  The air 
inside the chamber would be released through a pressure relief valve.  Once the user takes 
their weight off that particular foot, the air chamber would expand due to the one way air 
intake valve.  The image below (Figure 7) was sourced from their report. 
 
 
Figure 7. Example of Air Solution 
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 Using the user body weight (UBW) and system size constraints (heel height & system 
width), we calculated the size of the air chamber, the minimum required critical load and 
injurious load the air system needed to satisfy.  From our research and force calculations, 
we determined that the air solution meets the minimum constraints to be considered a 
possible design.  Calculations can be found in Appendix A. 
 
Table 8. Design Constraint Evaluation of Vertical Air Solution 
Criteria Boundary Values Actual Values 
System height ≤ 40 mm 40 mm 
System width ≤ 120 mm 40 mm 
FVC ≥ 3356.5 N 3356.5 N 
FVI ≥ 6713 N 6713 N 
 
Vertical System Analysis - Magnets 
 The vertical magnet design provides shock absorption through the use of a magnetic 
repulsion system (Figure 8).  Although magnets are used in shock absorption systems in 
tandem with other load mitigation mechanisms, they are rarely used by themselves.  Our 
proposed system would entail two magnets located underneath the heel in such an 
orientation that they repel each other in the vertical direction.  The bottom magnet would 
be fixed, and the top magnet would rest under the user’s heel.  The magnets would remain 
at a set distance from each other until a great enough load is applied by the user, forcing 
the top magnet closer to the bottom one.  The repulsion that would occur would act as load 
mitigation device, absorbing the shock experienced by large GRFs. 
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Figure 8. Magnetic field 
Image source: (https://www.kjmagnetics.com/) 
 
 Using the user body weight (UBW) and system size constraints (heel height & system 
width), we calculated the minimum required critical load and injurious load the magnet 
system needed to satisfy.  Once the minimum values were determined, we explored a few 
magnet supplier websites to see if any magnets they had could satisfy our constraints.  We 
used a magnet from K&J Magnetics for our calculations.  From our research and force 
calculations, we determined that the magnet solution does not meet the minimum 
constraints to be considered a possible design.  The available magnets were either too large 
or too weak to meet our constraints.  Calculations can be found in Appendix A. 
 
Table 9. Design Constraint Evaluation of Vertical Magnet Solution 
Criteria Boundary Values Actual Values 
System height ≤ 40 mm 40 mm 
Diameter (system width) ≤ 120 mm 110 mm 
FVC ≥ 3356.5 N 1780 N 
FVI ≥ 6713 N 1780 N 
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Vertical System Analysis - Final Results 
 With magnets eliminated as a possible design (Table 10), we utilized SCs and OCs to 
select the best design between the spring and air solutions.  As seen in Table 11, the spring 
system was calculated to have a lower deflection experienced at the critical load than the 
air system.  According to our highest priority OC, the spring system is therefore the best 
design.  The air system would fully deflect and bottom out well before reaching the critical 
load, thereby reducing the load absorption affect.  The spring system will deflect at a slower 
rate, ultimately achieving the desired force-displacement curve. 
 
Table 10. Pass/Fail Results for Vertical Design Constraint Evaluation of Various Designs 
 Springs Magnet Air Combo 
System width P P P P 
System height P P P P 
Withstand Critical Force P F P P 
Withstand Injurious Force P F P P 
 
 
Table 11. Selection & Optimization Criteria Evaluation - Vertical Load Mitigation System 
 Springs Air 
Deflection at Critical Load 4 mm 20 mm 
Heel Height 25 mm 40 mm 
System Width 66.8 mm 40 mm 
System Mass 1510 g 26.5 g 
# cycles @ 1 MPa 
Infinite Life Region 
(Boardman 1990) 
Infinite Life Region 
(Osswald) 
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Horizontal System Analysis - Springs 
 The horizontal spring design provides shock absorption through the use of springs, just 
like the vertical system.  Instead of being under the heel, the springs in the horizontal 
system would be located on the lateral side of the foot and would compress once the user 
applies their weight in that direction.  Using the user body weight (UBW) and system size 
constraints (system width), we calculated the minimum required spring constant, critical 
load and injurious load the spring system needed to satisfy.  Once the minimum values 
were determined, we explored a few spring manufacturer websites to see if they had any 
springs that could satisfy our constraints.  We used a spring from Associate Spring 
Raymond for our calculations.  From our research and force calculations, we determined 
that the spring solution meets the minimum constraints to be considered a possible design.  
Calculations can be found in Appendix A. 
 
Table 12. Design Constraint Evaluation of Horizontal Spring Solution 
Criteria Boundary Values Actual Values 
Free length (system width) ≤ 40 mm 40 mm 
KH (spring constant) ≥ 107.4 N/mm 
25.0 N/mm 
(125.0 N/mm) 
FHC ≥ 537 N 
112.4 N 
(562 N) 
XHC ≤ 5 mm 4.5 mm 
FHI ≥ 1074 N 
226 N 
(1130 N) 
XHI ≤ 10 mm 9 mm 
 
 
 
MQP – Design of ACL Protection Shoe  
24 
  
Horizontal System Analysis - Air 
 The horizontal air design provides shock absorption through the use of air chamber 
system with an intake and a pressure relief valve, just like the vertical system.  Instead of 
being under the heel, the pressurized chamber of air would sit on the lateral side of the foot 
and would compress once the user applies their weight in that direction.  The air inside the 
chamber would be released through a pressure relief valve.  Once the user takes their weight 
off that particular foot, the air chamber would expand due to the one way air intake valve. 
 Using the user body weight (UBW) and system size constraints (system width), we 
calculated the size of the air chamber, the minimum required critical load and injurious 
load the air system needed to satisfy.  From our research and force calculations, we 
determined that the air solution meets the minimum constraints to be considered a possible 
design.  Calculations can be found in Appendix A. 
 
Table 13. Design Constraint Evaluation of Horizontal Air Solution 
Criteria Boundary Values Actual Values 
System Width ≤ 40 mm 40 mm 
FHC ≥ 537 N 537 N 
FHI ≥ 1074 N 1074 N 
 
Horizontal System Analysis - Magnets 
 The horizontal magnet design provides shock absorption through the use of a magnetic 
repulsion system, just like the vertical system.  Instead of being in the heel, our proposed 
system would entail two magnets located on the lateral side of the foot in such an 
orientation that they repel each other in the lateral/medial direction.  The external magnet 
would be fixed, and the internal magnet would rest on the lateral side of the user’s foot.  
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The magnets would remain at a set distance from each other until a great enough load is 
applied by the user, forcing the internal magnet closer to the external one.  The repulsion 
that would occur would act as load mitigation device, absorbing the shock experienced by 
large GRFs. 
 Using the user body weight (UBW) and system size constraints (system width), we 
calculated the minimum required critical load and injurious load the magnet system needed 
to satisfy.  Once the minimum values were determined, we explored a few magnet supplier 
websites to see if any magnets they had could satisfy our constraints.  We used a magnet 
from K&J Magnetics for our calculations.  From our research and force calculations, we 
determined that the magnet solution meets the minimum constraints to be considered a 
possible design.  Calculations can be found in Appendix A. 
 
Table 14. Design Constraint Evaluation of Horizontal Magnet Solution 
Criteria Boundary Values Actual Values 
System width ≤ 40 mm 40 mm 
FHC ≥ 537 N 785 N 
FHI ≥ 1074 N 1075 N 
 
 
Horizontal System Analysis - Final Results 
 With no solutions eliminated as a possible design (Table 15), we utilized SCs and OCs 
to select the best design between the spring, air and magnet solutions.  As seen in Table 
16, the spring system was calculated to have a lower deflection experienced at the critical 
load than both the air and magnet systems.  According to our highest priority OC, the spring 
system is therefore the best design. 
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Table 15. Pass/Fail Results for Horizontal Design Constraint Evaluation of Various Designs 
 Springs Magnet Air Combo 
System width P P P P 
System height P P P P 
Withstand Critical Force P P P P 
Withstand Injurious Force P P P P 
  
 
Table 16. Selection & Optimization Criteria Evaluation - Horizontal Load Mitigation System 
 Springs Air Magnets 
Deflection at Critical Load 4.5 mm 20 mm 5 mm 
System Width 40 mm 40 mm 40 mm 
System Mass 1230 g 26.5 g 868g 
 
 
4. Final Design 
 The final design will consist of two spring systems: one for vertical load mitigation, and 
one for horizontal load mitigation.  The vertical spring system will be housed underneath the 
user’s heel and the horizontal system will be located on the lateral side of the foot by the heel 
and ankle.  Both spring systems will contain pre-loaded springs to prevent undesired 
displacement from occurring at loads below the critical load.  The sketch below (Figure 9) is a 
simplified representation of what our design would look like.  Each system is contained within 
the shoe and kept functionally independent from one another. 
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Figure 9. Simplified Sketch of Final Design – Rear View 
 
5. Discussion  
 The discussion section of this report will touch upon challenges we faced during the project 
and recommendations for future work. 
 
5.1. Challenges 
 We encountered several obstacles throughout the course of the project, some of which 
were unanticipated.  To begin, we could not find an explanation that completely describes 
all of the elements involved in an ACL injury occurring from athletic activity.  Different 
elements of ACL injuries have been examined in great detail, but we could not find an all-
encompassing model which includes everything from muscle activation and orientation of 
the leg to the speed and direction of the athlete prior to injury.  This made it extremely 
difficult to solve our problem.  In order to develop a design, we had to make assumptions 
about the transmittance of loads from the ground to the knee. 
MQP – Design of ACL Protection Shoe  
28 
  
 Another challenge we experienced was modeling and evaluating different possible 
designs.  We were unable to critically analyze many of the possible design concepts we 
generated due to the lack of time, energy, and expertise we had at our disposal for the scope 
of this project.  This limited our ability to ascertain the best design, removing potential 
design options from our evaluation process that could have been successful. 
 In addition to limiting the number of designs we critically evaluated, these 
shortcomings limited our ability to further develop our axiomatic design decomposition.  
Once we generated FR1 and FR2, we didn’t know how to continue our vertical 
decomposition since we didn’t fully understand the nature of the problem and the 
mechanisms used to solve it.  Without that fundamental knowledge, we determined that a 
detailed decomposition would be rather baseless.  As such, we decided to leave our 
axiomatic design decomposition with only two children to allow more possible design 
solutions (Figure 10). 
 
 
Figure 10. Final Axiomatic Design Decomposition 
  
 
5.2. Recommendations 
 We have two main recommendations for future work on this problem.  First, we highly 
recommend more work be done on understanding the full nature of the ACL injury due to 
athletic activity.  A complete model that breaks down all of the elements involved in ACL 
injuries would allow the problem to be understood to the point where the effectiveness of 
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the design solution would be maximized.  Second, we recommend more work be done on 
evaluating the other possible design concepts we didn’t critically analyze.  This includes 
electromagnetism, compressible/incompressible gas, compressible/incompressible liquid, 
acoustics/vibrations and combo.  By evaluating these potential solutions, one could 
produce a better design than the one we created. 
 
6. Conclusion 
 To conclude, we successfully created a design that could reduce the occurrence of non-
contact ACL injuries.  More work needs to be done to validate our design, but we are confident 
that the basic concepts utilized in the load mitigation systems will work.  We learned and grew 
immensely from completing this project, as our advisor gave us a great deal of ownership over 
the direction of our work.  Skills such as critically analyzing peer reviewed literature, 
formulating and justifying assumptions, applying our theoretical knowledge, and constructing 
a technical report were greatly enhanced from completing this project.  Finally, we want to 
give a special thanks to our advisor, Chris Brown, for his invaluable feedback and overall 
approach.  His approach maximized our learning outcomes and made our work fun.
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Appendix A - Calculations 
 
Vertical Spring System - 
 
Table 17. Product Specifications of Spring Used in Vertical Spring System 
OD 16.7 mm 
Free Length (Lfree) 25.0 mm 
Spring Rate (k) 155.7 N/mm 
Spring Weight 252 g 
Material Cr-V / Cr-Si 
 
Hooke’s Law: 
𝐹 = 𝑘 ∗ (𝐿𝑓𝑟𝑒𝑒 − 𝐿𝑑𝑒𝑓) 
Critical Force FVC: 
@𝐿𝑑𝑒𝑓 = 21 𝑚𝑚 → 𝐹 = 155.7
𝑁
𝑚𝑚
∗ (25 − 21)𝑚𝑚 = 622.8 𝑁 
662.8 𝑁 ∗  6 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 3736.8 𝑁 > 3356.5 𝑁 = 𝐹𝑉𝐶  
Injurious Force FVI: 
@𝐿𝑑𝑒𝑓 = 17.5 𝑚𝑚 → 𝐹 = 155.7
𝑁
𝑚𝑚
∗ (25 − 17.5)𝑚𝑚 = 1170 𝑁 
1170 𝑁 ∗  6 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 7020 𝑁 > 6713 𝑁 = 𝐹𝑉𝐼 
System Mass: 
252 𝑔 ∗ 6 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 1512 𝑔 
System Width: 
16.7 𝑚𝑚 ∗ 3 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 50.1 𝑚𝑚 
16.7 𝑚𝑚 ∗ 4 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 66.8 𝑚𝑚 
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Horizontal Spring System - 
 
Table 18. Product Specifications of Spring Used in Horizontal Spring System 
OD 18.8 mm 
Free Length (Lfree) 40.0 mm 
Spring Rate (k) 25.0 N/mm 
Spring Weight 245 g 
Material Cr-V / Cr-Si 
 
Hooke’s Law: 
𝐹 = 𝑘 ∗ (𝐿𝑓𝑟𝑒𝑒 − 𝐿𝑑𝑒𝑓) 
Critical Force FHC: 
@𝐿𝑑𝑒𝑓 = 35.5 𝑚𝑚 → 𝐹 = 25.0
𝑁
𝑚𝑚
∗ (40 − 35.5)𝑚𝑚 = 112.5 𝑁 
112.5 𝑁 ∗  5 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 562.5 𝑁 > 537 𝑁 = 𝐹𝐻𝐶  
Injurious Force FVH: 
@𝐿𝑑𝑒𝑓 = 31 𝑚𝑚 → 𝐹 = 25.0
𝑁
𝑚𝑚
∗ (40 − 31)𝑚𝑚 = 225 𝑁 
225 𝑁 ∗  5 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 1130 𝑁 > 1074 𝑁 = 𝐹𝐻𝐼 
System Mass: 
245 𝑔 ∗ 5 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 = 1230 𝑔 
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Vertical Air System - 
 
Table 19. Specifications of Air Chamber Shell Used in Vertical Air System 
Diameter 40.0 mm 
Shell Thickness 10.0 mm 
Material (Callister et al., 2010) Polypropylene 
Material Density 0.905 g/cm3 
Material Yield Strength 31-37.2 MPa 
System Mass 26.5 g 
 
Maximum Allowable Pressure: 
𝑃𝑣𝑎𝑙𝑣𝑒 =
𝐹𝑉𝐼
𝐴𝑣𝑎𝑙𝑣𝑒
=
6713 𝑁
3.14 ∗ 10−4 𝑚2
= 21.4 𝑀𝑃𝑎 = 𝑃𝑚𝑎𝑥 
𝜎ℎ =
𝑃𝑚𝑎𝑥 ∗ 𝑟
2𝑡
=
21.4 𝑀𝑃𝑎 ∗ 0.02 𝑚
2 ∗ (0.01 𝑚)
= 21.4 𝑀𝑃𝑎 
System Mass: 
𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑉𝑎𝑖𝑟 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = (
4𝜋
3
) ((2 𝑐𝑚)3 − (1 𝑐𝑚)3) = 29.3 𝑐𝑚3 
𝜌 =
𝑀
𝑉
→ 𝑀 = 𝜌 ∗ 𝑉 = 0.905
𝑔
𝑐𝑚3
∗ 29.3 𝑐𝑚3 = 26.5 𝑔 
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Horizontal Air System - 
 
Table 20. Specifications of Air Chamber Shell Used in Horizontal Air System 
Diameter 40.0 mm 
Shell Thickness 10.0 mm 
Material (Callister et al., 2010) Polypropylene 
Material Density 0.905 g/cm3 
Material Yield Strength 31-37.2 MPa 
System Mass 26.5 g 
 
Maximum Allowable Pressure: 
𝑃𝑣𝑎𝑙𝑣𝑒 =
𝐹𝑉𝐼
𝐴𝑣𝑎𝑙𝑣𝑒
=
1074 𝑁
3.14 ∗ 10−4 𝑚2
= 3.42 𝑀𝑃𝑎 = 𝑃𝑚𝑎𝑥 
𝜎ℎ =
𝑃𝑚𝑎𝑥 ∗ 𝑟
2𝑡
=
3.42 𝑀𝑃𝑎 ∗ 0.02 𝑚
2 ∗ (0.01 𝑚)
= 3.42 𝑀𝑃𝑎 
System Mass: 
𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑠𝑦𝑠𝑡𝑒𝑚 − 𝑉𝑎𝑖𝑟 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = (
4𝜋
3
) ((2 𝑐𝑚)3 − (1 𝑐𝑚)3) = 29.3 𝑐𝑚3 
𝜌 =
𝑀
𝑉
→ 𝑀 = 𝜌 ∗ 𝑉 = 0.905
𝑔
𝑐𝑚3
∗ 29.3 𝑐𝑚3 = 26.5 𝑔 
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Vertical Magnet System - 
 
Table 21. Product Specifications of Magnet Used in Vertical Magnet System 
Diameter (System width) 110 mm 
Thickness 15 mm 
Mass 434 g 
Maximum Repulsive Force 1780 N 
 
Maximum Repulsive Force: 
400.0 𝑙𝑏 ∗
4.44822 𝑁
1 𝑙𝑏
= 1780 𝑁 
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Figure 11. Force-Displacement Curve of Vertical Magnet System - Maximum Force 
Image source: (https://www.kjmagnetics.com/calculator.asp) 
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Horizontal Magnet System - 
 
Table 22. Product Specifications of Magnet Used in Horizontal Magnet System 
Diameter (System width) 110 mm 
Thickness 15 mm 
Mass 434 g 
Repulsive Force at x = 0 mm 785 N 
Repulsive Force at x = 5 mm 1075 N 
Repulsive Force at x = 10 mm 1780 N 
 
Repulsive Force at 0 mm deflection: 
176.5 𝑙𝑏 ∗
4.44822 𝑁
1 𝑙𝑏
= 785 𝑁 
Repulsive Force at 5 mm deflection: 
241.7 𝑙𝑏 ∗
4.44822 𝑁
1 𝑙𝑏
= 1075 𝑁 
Repulsive Force at 10 mm deflection: 
400.0 𝑙𝑏 ∗
4.44822 𝑁
1 𝑙𝑏
= 1780 𝑁 
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Figure 12. Force-Displacement Curve of Horizontal Magnet System - 0 mm Deflection 
Image source: (https://www.kjmagnetics.com/calculator.asp) 
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Figure 13. Force-Displacement Curve of Horizontal Magnet System - 5 mm Deflection 
Image source: (https://www.kjmagnetics.com/calculator.asp) 
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Figure 14. Force-Displacement Curve of Horizontal Magnet System - 10 mm Deflection 
Image source: (https://www.kjmagnetics.com/calculator.asp) 
 
 
 
